Abstract Since the discovery of cis-platinum, many transition metal complexes have been synthesized and assayed for antineoplastic activity. In recent years, ruthenium-based molecules have emerged as promising antitumor and antimetastatic agents with potential uses in platinum-resistant tumors or as alternatives to platinum. Ruthenium compounds theoretically possess unique biochemical features allowing them to accumulate preferentially in neoplastic tissues and to convert to their active state only after entering tumor cells. Intriguingly, some ruthenium agents show signiWcant activity against cancer metastases but have minimal eVects on primary tumors. Two ruthenium-based drugs, NAMI-A and KP1019, have reached human clinical testing. This review will highlight the chemical properties, mechanism of action, preclinical data, and early phase clinical results of these two lead ruthenium compounds. Other promising ruthenium agents will also be reviewed with emphasis on the novel ruthenium compound ONCO4417, and DW1/2 that has demonstrated Pim-1 kinase inhibition in preclinical systems. Further development of these and other ruthenium agents may rely on novel approaches including rational combination strategies as well as identiWcation of potential pharmacodynamic biomarkers of drug activity aiding early phase clinical studies.
Introduction
The success of platinum as anticancer agent [1] has stimulated a search for other metallic cytotoxic compounds with equal or greater antitumor activity and lower toxicity. Three platinum-based antineoplastic agents are now in routine clinical practice: cisplatin, carboplatin, and oxaliplatin [2] . Although these heavy metal agents are active against a variety of cancers, their use is associated with severe side eVects including gastrointestinal symptoms (nausea, vomiting, diarrhea, abdominal pain), renal tubular injury, neuromuscular complications, and ototoxicity. In addition, the use of platinum is limited in many tumor types by primary and acquired resistance to this agent [3] . This has led to an ongoing quest for the discovery of non-platinum metals that may extend the spectrum of activity of metal-based drugs [4] . Among these, ruthenium (Ru) appears to be the most promising [5] .
In the last 30 years, a large number of ruthenium-containing agents have been synthesized and tested for potential antitumor activity [6] . Ruthenium, a transition metal of the platinum group (group 8B of the periodic table), was Wrst hypothesized to exert its anticancer eVects by direct interaction with DNA as observed with platinum. However, it is now known that ruthenium shows a number of diVerences with platinum [7] . First, ruthenium appears to accumulate preferentially in neoplastic masses rather than normal tissues possibly by using transferrin to enter into tumors [8] . It has been proposed that transferrin-ruthenium complexes are actively transported into neoplastic tissues containing high transferrin receptor densities. Once bound by the transferrin receptor, it is assumed that the complex liberates ruthenium that is then internalized by the tumor [9] . Second, ruthenium remains in its relatively inactive Ru(III) oxidation state until it reaches the tumor site. In this environment, where there is a lower oxygen content and higher acidity compared to normal tissues, reduction to the more reactive Ru(II) occurs [10] . This reaction, termed activation-by-reduction, not only results in selective tumor targeting but may also direct cytotoxic activity toward hypoxic tumors that are more likely to be resistant to chemotherapy and radiation [11] . Finally, some ruthenium agents demonstrate greater eYcacy against cancer metastases than against primary tumors [12] . This antimetastatic eVect is likely mediated by inhibition of tumor cell detachment, invasion/migration, and re-adhesion to a new growth substrate [13] . In view of these properties, ruthenium is predicted to show patterns of antitumor activity and clinical toxicity that are distinct from those of platinum.
To date, two ruthenium agents, NAMI-A and KP1019, have entered human clinical trials (Figs. 1, 2) [14, 15] . Despite their structural and chemical similarities, these two Ru(III) complexes show distinct antitumor behaviors. In preclinical studies, NAMI-A has demonstrated inhibitory eVects against the formation of cancer metastases in a variety of tumor animal models but appears to lack direct cytotoxic eVects [16, 17] , while KP1019 has shown direct antitumor activity against a wide range of primary explants of human tumors by inducing apoptosis [18, 19] . Nevertheless, many aspects of the tumor-inhibitory eVects of these ruthenium drugs are not still completely understood. This review will focus on the novelty of chemical and biochemical aspects of ruthenium compounds as well as clinical data available for each of the two lead ruthenium-based agents. We will also touch upon other promising ruthenium agents still in early phases of drug development.
Chemical and biochemical properties of ruthenium complexes
Ruthenium possesses three properties that make it theoretically suitable for medicinal use. These are (1) slow ligand exchange kinetics, (2) multiple accessible oxidation states, and (3) the ability to mimic iron in binding to certain biologic molecules [20] . Each of these properties is considered in turn.
Ligand exchange
The key factor explaining why platinum can function as an antineoplastic drug likely relates to its ligand-exchange kinetics, which are in the order of minutes to days rather than microseconds to seconds (as for many other coordination compounds), thereby giving platinum high kinetic stability and preventing rapid equilibration reactions [21] . Ru(II) and Ru(III) have similar ligand exchange kinetics to those of Pt(II) [22] . It has been shown that ligand-exchange processes for the same ligands, but with diVerent metallic ions, can vary by several orders of magnitude. For most small ligands (e.g., water), ligand exchange for metallic ions (e.g., Pt(II), Ru(II), Ru(III), Co(III), and a few others) takes several hours, mimicking the time scale for many cell division processes [23] . In addition, Pt(II) and to a lesser extent Ru(II) have a strong thermodynamic preference for binding to S-donor ligands such as glutathione and methionine, as opposed to O-or N-donor ligands [22] .
Oxidation state
Ruthenium is unique in that the oxidation states of II, III, and IV are all accessible under physiologic conditions. In these states, the ruthenium center is predominantly hexacoordinate with octahedral geometry. Although this makes cis-chelation possible, the space required by axial ligands often prevents it from forming structures with DNA as seen with Pt(II). The coordination environment around ruthenium plays an important role in stabilizing its diVerent oxidation states and hence dictates the redox properties of the central metal atoms [24, 25] . Altered metabolism associated with cancer results in a lower oxygen concentration in tumor tissues, promoting a reductive environment. In addition, cancer cells have higher levels of glutathione and a lower pH than normal tissues, further creating a strongly reducing environment [10] . To increase the tropicity of ruthenium toward cancer cells and to minimize harm to normal cells, the redox potential of ruthenium can be modiWed to improve drug selectivity. For example, these agents can be administered as relatively inert Ru(III) complexes (e.g., pro-drugs) that are then activated by reduction within malignant tissues. In theory if the active Ru(II) complexes leave the low oxygen environment, they will again be converted back to inert Ru(III) compounds by a variety of biologic oxidants.
Iron mimicking
Ruthenium can mimic iron in binding to serum transferrin and albumin [26] . These proteins solubilize and transport iron in plasma. Since rapidly dividing cells (including cancer cells) have a greater requirement for iron, this results in up-regulation of the number of transferrin receptors on the cell surface, resulting in sequestration of more circulating iron-loaded transferrin. To this end, in vivo studies have shown that there is a 2-to 12-fold increase in ruthenium concentration in cancer cells compared to healthy cells, depending on the cell type [9] . Since ruthenium preferentially targets cancer cells, its systemic toxicity, at least in theory, is expected to be reduced. Moreover, it has been shown that ruthenium is transported into cells by both transferrin-dependent and transferrin-independent mechanisms [27] . Transferrin-mediated ruthenium uptake is more eYcient when transferrin is saturated with iron to a physiologic degree.
NAMI-A
Clinical chemistry and preclinical studies
, is a Ru(III) complex molecule with DMSO and imidazole coordinated to the ruthenium (Fig. 1) . NAMI-A has been shown to possess antitumor and more importantly antimetastatic activities in preclinical studies.
The proposed mechanisms of action of NAMI-A include: (1) . In preclinical studies, administration of NAMI-A in more frequent smaller dosages showed more prominent antimetastatic eVects [12] . Notably, the action of NAMI-A seems to be independent of the type of primary tumor or the stage of growth of metastases [33] .
NAMI-A is capable not only of preventing the formation of metastases but also of inhibiting their growth once established [34] . Preclinical animal studies using NAMI-A have shown selective activity against lung metastases from a variety of primary tumors in murine models [33, 35] . NAMI-A reduced the weight of lung metastases more than their number. Since larger concentrations of NAMI-A in the lungs than in other tissues was ruled out, this Wnding was assumed to be related to the selective interference of NAMI-A with the growth of metastases already established in the lungs [35] . Toxicologic studies in dogs and mice have revealed an acceptable toxicity proWle. The calculated half-life was approximately 18 h. Toxicity was observed at concentrations greater than 50 mg/kg/day and in mice that survived treatment was reversed within 3 weeks of the end of the treatment [36] .
Clinical trials NAMI-A was the Wrst ruthenium drug to reach human clinical development. A phase I and pharmacokinetic study using this agent began in 1999 and was reported in 2004 [37] . In that study, 24 patients with a wide variety of metastatic solid tumors (including colorectal, lung, melanoma, ovarian, and pancreatic cancers) refractory to conventional therapies were treated according to a dose escalation protocol. Patients received NAMI-A as a 3-h intravenous infusion daily for 5 days every 3 weeks. Twelve dose levels were administered in two-patient cohorts, ranging from 2.4 mg/m 2 /day (12 mg/m 2 /cycle) to 500 mg/m 2 /day (2500 mg/m 2 /cycle). At a dose of 400 mg/m 2 /day, patients developed transient painful blisters on the hands and feet. At 500 mg/m 2 /day, blisters again developed and persisted for weeks to months. Formation of blisters was considered a dose-limiting toxicity. Because blisters did not appear at a dose of 300 mg/m 2 /day on this schedule, this was deWned as the maximum tolerated dose recommended for phase II studies [37] . Other side eVects of NAMI-A included anemia, lymphopenia, fatigue, anorexia, stomatitis, peripheral edema, alopecia, nausea (controlled with granisetron), diarrhea, tinnitus, and infusion-site phlebitis. Biochemical abnormalities included mild creatinine elevations (all reversible in less than 3 weeks) and hyperbilirubinemia. Two patients experienced hypersensitivity reactions that resolved with dexamethasone.
Pharmacokinetic analysis from the same study revealed a linear relationship between NAMI-A dose and area under the concentration-time curve for total plasma ruthenium (R 2 = 0.75) and unbound plasma ruthenium (R 2 = 0.96) over the entire dose range [38] . NAMI-A also demonstrated linear elimination kinetics. Mean plasma clearance of total ruthenium was 0.17 l/h, and the mean terminal half-life was 50 h. The mean volume of distribution at steady-state of total ruthenium was 10.1 l. The majority of the drug was protein-bound in plasma. Ruthenium was found to accumulate in white blood cells, but its accumulation was not directly proportional to the daily dose or total exposure of NAMI-A [37] .
Twenty of 24 patients in this study (83%) were evaluable for tumor responses. One heavily pretreated patient with progressive metastatic non-small cell lung cancer achieved stable disease for 21 weeks. The remainder of the patients showed disease progression. A phase II study evaluating NAMI-A has not yet been conducted.
KP1019
, is a stable Ru(III) complex containing two indazole heterocycles coordinated to the metal center via nitrogen atoms (Fig. 2) . Unlike NAMI-A, KP1019 is thought to possess direct cytotoxic activity by promoting apoptosis in a number of cancer cell lines as well as in a range of tumor models (especially colorectal cancers) including primary explanted human tumors [39, 40] .
KP1019 induced apoptosis in colorectal cancer cell lines through interference with the electron transport chain, and depolarization of mitochondrial membranes and activation of caspase-3 as well as down-modulation of the antiapoptotic factor bcl-2 [41] . Notably, KP1019-induced cell death appears independent of the p53 status of tumor cells, suggesting that DNA strand breaks are not a dominant mechanism for this agent [42] . However, the formation of reactive oxygen species in tumor cell lines has been reported and this may possibly contribute to DNA damage, albeit to a small extent [41] . KP1019 has also shown activity in primary explants of human tumors that were resistant to a variety of standard chemotherapeutic agents [43] .
In vivo, KP1019 revealed strong cytotoxic activity in transplantable murine tumors of the chemoresistant colon carcinoma model MAC15A [39] . Autochthonous colorectal tumors of the rat closely resemble human colon cancer in histological appearance, metastatic progression, tumor-host interactions, and chemosensitivity proWle. In this model, KP1019 induced complete or near-complete tumor responses in the majority of lesions while 5-Xuorouracil only produced partial responses in about half the tumors and cisplatin had no activity [43] . These eVects of KP1019 were achieved with mild adverse events, including suppression of erythropoiesis.
Clinical trials KP1019 was the second ruthenium-based agent that was tested in humans. To this end, a pharmacokinetic and phase I dose-escalation study was recently reported [19, 44, 45] . In this study, 8 patients with advanced and refractory solid tumors (including colorectal, endometrial, melanoma, and bladder carcinomas) received KP1019 intravenously (10 ml/min) at doses ranging from 25 to 600 mg twice weekly over 3 weeks (days 1, 4, 8, 11, 15 , and 18). Infusion duration was 0.1-4.25 h, depending on the dose of the drug administered (higher doses required larger volumes for drug solubilization). Only mild (grade 1) treatment-related toxicities were observed, although two patients dropped out of the study after only one treatment cycle due to adverse events unrelated to the study drug. The maximum tolerated dose could not be reached even when KP1019 was given at 600 mg twice weekly over 3 weeks. The dose could not be escalated further due to problems with drug solubility requiring increasingly large infusion volumes. No dose-limiting toxicities were observed [19] . The optimal dose for phase II studies was set at 400 mg (Xat dose) on days 1, 4, 8, 11, 15, and 18 of a 3-week cycle. However, given the results of the phase I study, a reliable dose recommendation for this agent is probably not possible.
After intravenous administration, KP1019 was highly bound to plasma proteins (mainly albumin and to a lesser extent transferrin). The unbound fraction was less than 1% [45] . The area under the concentration-time curve increased proportionally with KP1019 dose, indicating linear pharmacokinetics. The terminal half-life of KP1019 was quite long with a mean of about 100 h (range, 51-290 h). The total clearance was low (range, 0.024-0.036 l/h), and the volume of distribution at steady-state was small (range, 4.0-10.5 l). Renal excretion of ruthenium was 1-5% of the administered dose [44] . Ruthenium-DNA adducts were detectable in peripheral leucocytes from all patients irrespective of dose. Thus, the determination of Ru-DNA adduct levels may be a feasible biomarker of eYcacy and/or toxicity in phase II studies.
Out of six evaluable patients all of which had progressive disease at trial entry, Wve had disease stabilization that lasted for 8-10 weeks. Stable disease was achieved even at the lowest dose level [19] . A phase II study evaluating KP1019 in patients with advanced colorectal cancer is now being planned.
Other ruthenium compounds
Besides NAMI-A and KP1019, a large number of other ruthenium complexes have been prepared and tested for antitumor activity in cultured tumor cells and animal models. Some notable examples are discussed here.
In 2001, a novel group of arene ruthenium(II) diamines was developed [46] . These agents demonstrated strong cytotoxicity in cancer cells in vitro associated with a parallel DNA interaction [47, 48] . RM175 (Fig. 3) , one of the lead compounds in this class, demonstrated a p53 and p21/ WAF1-dependent early growth arrest in HCT116 colorectal cancer cells. In these cells, RM175 also resulted in an apoptotic response through p53 and Bax as well as a long-term loss of clonogenicity [49] . Other investigators using diVerent ruthenium(II) complexes have shown both p53-dependent and p53-independent mechanisms of cytotoxicity in glioblastoma and neuroblastoma cell lines with G 1 arrest and apoptosis induction [50] . In these cell lines, accumulation of p53 and p73 correlated with an increase in p21/ WAF1 and Bax expression.
Substituting the hexaXuorophosphate (PF 6 ) anion in RM175 for chloride results in another ruthenium salt, ONCO4417 (Fig. 3) , possessing antineoplastic activities [51] . This agent was shown to induce apoptosis in cancer cells and to arrest cell cycle at the G 2 /M phase. In addition, ONCO4417 caused DNA damage at levels similar to cisplatin [51] . In vitro studies have demonstrated that ONCO4417 has comparable eYcacy to platinum in a number of tumor cell lines (including ovarian, lung, esophageal, pancreatic, melanoma, and colorectal). Moreover, ONCO4417 retained its antitumor eYcacy in a cisplatinresistant ovarian cancer cell line (A2780cis), suggesting that this drug does not share cross-resistance mechanisms with cisplatin [52] .
A distinct series of ruthenium(II) arenes characterized by the presence of phosphoadamantane coordinates, called RAPTAs, were developed in 2004 (Fig. 4) [53, 54] . These compounds are weakly cytotoxic against tumor cells in vitro and usually free of toxicity to healthy cells even with prolonged exposure at millimolar concentrations [55, 56] . In vitro, RAPTA-T inhibited some steps of the metastatic process such as detachment from the primary tumor cell mass, migration/invasion, and re-adhesion to a new growth substrate in breast cancer cell lines. These antimetastatic eVects appear to be mediated through interactions with extracellular matrix components (collagen IV, Wbronectin). In vivo, RAPTA-T selectively reduced the growth of lung metastases [13] .
In an eVort to investigate the molecular mechanism of RAPTA-C, the molecule inhibited cell growth eVectively by triggering G 2 /M phase arrest and apoptosis in Ehrlich ascites carcinoma cells lines. Cell cycle arrest was associated with increased levels of p21 and reduced amounts of cyclin E. RAPTA-C treatment also enhanced the levels of p53 and triggered the mitochondrial apoptotic pathway, as shown by the change in Bax to bcl-2 ratios, resulting in cytochrome c release and caspase-9 activation. c-Jun NH 2 -terminal kinase (JNK) was proven to be a critical mediator in RAPTA-C-induced cell growth inhibition. Activation of JNK by RAPTA-C increased signiWcantly during apoptosis [57] .
A series of ruthenium(II) polypyridyl complexes exhibited in vitro cytotoxic activity against two cancer cell lines, MCF-7 (breast cancer) and HT-29 (colon cancer), at micromolar IC 50 values. Their mechanism of action includes a formation of a stable intercalative binding into DNA and a modiWcation of cell membrane function and cell adhesion properties. The cytotoxicity of these ruthenium agents relies on the size of the polypyridyl ligands [58, 59] .
Ruthenium complexes that mimic organic enzyme inhibitors also have been synthesized. The natural product staurosporine is a highly potent inhibitor for various kinases, and it was shown that its eVect can be mimicked by an octahedral ruthenium complex (Fig. 5) [60] . The relevance of these organometallic inhibitors as anticancer agents has been demonstrated recently. The organometallic glycogen synthase kinase (GSK)-3 inhibitor DW1/2 is a potent activator of p53 and thus induces p53-activated apoptosis via the mitochondrial pathway through downregulation of Mdm2 and Mdm4 in highly chemoresistant melanoma cells [61] . The anticancer agent DW1/2 works by speciWcally targeting a protein, rather than DNA. This is one of the Wrst demonstrations of a ruthenium drug targeting a signal transduction pathway. In vivo studies evaluating DW1/2 or other compounds in this group have not yet been conducted. The development of novel drugs with nonclassical protein targets is becoming a major new theme in metal-based drug development. More complete chemical work may be needed to give these compounds a pharmacokinetic proWle suitable for drug administration.
Another novel concept in the design of bioactive molecules is taking advantage of transition metals in coordination complexes as a platform for organizing the organic ligands in the 3-D space, thus providing access to areas of the chemical space that may not be easily reachable with purely organic scaVolds. The co-crystal structures of both the R and the S enantiomers of the ruthenium complex DW1/2 ( Fig. 5) with the human protein kinase Pim-1 clearly show that these ruthenium complexes bind to their target in a fashion typical of organic enzyme inhibitors. In this example, the metal center is not involved in any direct interactions with the active site of Pim-1. Instead, the metal controls the orientation of the organic ligands in the receptor space, yielding 3-D structures that are complementary in shape and functional group presentation to the active site of Pim-1 [62] . Pim-1 is a proto-oncogene of the serine-threonine kinase family with increased expression in a variety of murine and human acute leukemias. Expression of Pim-1 increases cell mitogenesis and survival independently of growth factor stimulation. Pim-1 also synergizes with cMyc in leukemogenesis and enhances transcriptional activity of the cellular proliferation factor c-Myc. Pim-1 may also protect hematopoietic cells from apoptosis induced by genotoxic stress or growth factor withdrawal, perhaps by directly targeting nuclear eVectors [63] . Targeting the Pim kinase family could provide a new avenue in cancer chemotherapy speciWcally intended to overcome resistance against small-molecule tyrosine kinase inhibitors [64] .
Discussion
Ruthenium has been studied deeply and broadly as a potential anticancer chemotherapeutic in the last two decades from both a chemical and a biologic perspective. The unique characteristics of ruthenium that (at least in theory) make it an attractive anticancer agent are: (1) the selective accumulation in tumor cells via interaction with transferrin receptors, (2) activation-by-reduction from inactive Ru(III) to active Ru(II) in the more hypoxic and acidic tumor microenvironment, (3) favorable ligand-exchange kinetics, (4) antimetastatic eVects (of some ruthenium agents) by inhibition of tumor cell detachment, invasion/migration, and re-adhesion, and (5) unique DNA binding patterns diVerent from those of platinum owing to special ligand geometries.
These distinctive behaviors oVer ruthenium the theoretical potential for non-cross-resistance with platinum as well as a diVerent spectrum of activity with lower toxicity. However, in spite of large amounts of preclinical data, none of the ruthenium compounds that have reached clinical testing to date have been shown to mediate their eVects through these putative mechanisms. For example, the main reported dose-limiting toxicity for NAMI-A in the phase I clinical trial was blister formation on the hands and feet. These blisters were poorly reversible and often lasted for several weeks. Intriguingly, ruthenium concentrations in these blisters were below the limit of detection. It is therefore not clear whether ruthenium itself or its ligands have the tendency to accumulate in the epidermis or other skin layers, causing temporary or permanent toxicity. This Wnding seems to argue against the selective tropicity of NAMI-A toward tumor cells. By contrast, in the phase I trial of KP1019, an agent that does not contain a sulfur-bearing ligand (i.e., DMSO), no dose-limiting toxicities were observed although that study only included eight patients and there were problems with drug solubility.
Despite a wealth of preclinical data on a variety of ruthenium agents, it is still not clear whether and when this new class of compounds will enter later-phase clinical testing. SigniWcant improvements have been achieved in preclinical drug discovery tools in the last two decades. However, a novel agent entering pharmaceutical development had only an 8% chance of making it to the market in 2000, a decrease from the historical success rate of 14% in 1985 [65] . To address this problem, in 2004, the US Food and Drug Administration (FDA) published an Executive Summary Statement outlining that expenditure for the development of novel therapies had disproportionately increased relative to major drug and biologic product submissions [65] . To overcome stagnation in the critical pathway from phase I to phase III clinical trials, the FDA introduced the concept of exploratory investigational new drug (IND) studies. These are clinical trials conducted early in phase I that involve limited human exposure (ten or fewer patients receiving very small doses of an experimental drug for 7 days or less) and have no therapeutic intent. The purpose of such "phase 0" studies is to assist in the go/ no-go decision of a drug's fate early in its development, using relevant human models instead of relying on sometimes inconsistent or artiWcial cell-based and animal data, thus helping to conWrm end points such as mechanism of action, pharmacology, bioavailability, pharmacodynamics, and metabolic microdose assessments [66] . However, in order to evaluate target drug eVects, a biomarker speciWc to an investigational agent must be known and an assay to measure it must be developed and validated before study initiation. This type of strategy may not be ideal for the development of ruthenium compounds, which are generally not considered agents that target tumor-speciWc cellular pathways and for which biologic markers of activity do not currently exist. Indeed, since the vast majority of ruthenium drugs (with the possible exception of DW1/2) are DNAtargeting agents, it is diYcult to imagine that relevant cellular pharmacodynamic biomarkers of drug eVect will be discovered soon.
The future clinical development of ruthenium drugs may therefore rely on the performance of combination trials, where a particular ruthenium agent is given in combination with a taxane, an antimetabolite, or a topoisomerase II inhibitor (akin to the combination strategies of platinum drugs). It will Wrst be necessary, however, to assay for synergy between ruthenium compounds and conventional chemotherapy drugs in cancer cell lines and preclinical animal models. Once preclinical rationale exists, the path from bench to bedside will further be expedited through support from government agencies and trial orchestration through cooperative groups, as well as by the development of a biomarker research facility focusing on the discovery of ruthenium-related tissue or plasma biomarkers.
In conclusion, ruthenium compounds are second generation (post-platinum) transition metal chemotherapeutics that possess unique properties granting them, at least in preclinical studies, more selective entry into tumor cells with fewer toxic eVects to normal cells. A wealth of laboratory data now demonstrates that numerous ruthenium(II) and (III) complexes show antitumor activity in a variety of cancer cell lines and animal models. While some of these agents appear to have direct cytotoxic eVects on primary tumors, others exhibit their activity primarily through inhibition of metastatic progression. To date, two ruthenium(III) compounds (KP1019 and NAMI-A) have reached phase I clinical testing, and progression to phase II clinical trials is under consideration. Finally, the agent DW1/2 has shown promising in vitro activity as a signal transduction inhibitor by interference with various protein kinases. Further disease-speciWc phase II studies will be needed to elucidate the real-world therapeutic potential of ruthenium complexes in hematologic and solid tumor oncology. 
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